INTRODUCTION
of taxonomically very diverse micro-organisms, which also differ widely in salt requirements and metabolic Micro-organisms from extreme environments have capabilities. Thi moderateiy halophilic as well as been investigated intensively in recent years. Studies of halotolerant bacteria found in hypersaline waters may hypersaline environments have revealed the presence have evolved from their marine relatives (Forsyth et Rodriguez-Valera, 1986) . Indeed, aerobic 118057 reported in this paper is AF036922.
monly found in marine environments (Ruger & The GenBank accession number for the sequence of strain NNT (= DSM spore-foming obligately halophilic bacteria are corn-00874 0 1999 IUMS M. Wain0 and others Richter, 1979) , e.g. Bacillus halophilus (Ventosa et al., 1989) and Bacillus marinus (Ruger & Richter, 1979) , as well as in hypersaline areas, e.g. Bacillus salexigens (Garabito et al., 1997) , Halobacillus litoralis and Halobacillus trueperi (Spring et al., 1996) . Several halotolerant bacteria, able to grow at salinities found in both marine and hypersaline environments, have also been described, such as Bacillus dipsosauri (Lawson et al., 1996) , Bacillus pantothenticus (Proom & Knight, 1950) , Halomonas elongata (Vreeland et al., 1980) and Halomonas meridiana (James et al., 1990) . However, to our knowledge, no extremely halotolerant bacterium that does not require NaCl for optimal growth has been characterized to date. Strain NNT, isolated from the Great Salt Lake in Utah, USA, is therefore the first extremely halotolerant species described which grows optimally without NaCl in its environment.
Using a combination of genotypic (16s rDNA sequence analysis and G + C content) and phenotypic (polar lipids, respiratory lipoquinones, fatty acids and physiology) characters, it was possible t o show that strain NNT, despite the apparently high degree of 16s rDNA sequence similarity to members of 'Bacillus group 1 '? could be placed in a novel taxon at the genus and species level. I t is generally accepted that the genus Bacillus consists of several divergent phyletic lines and should be taxonomically revised (e.g. Ash et al., 1991 (Heyndrickx et al., 1998) .
METHODS
Isolation procedure. Surface mud obtained from the southern part of the Great Salt Lake was used as an inoculum for the enrichment of halophilic or halotolerant bacteria in liquid GSL-2 medium which consisted of (1-1 distilled water): NaC1, 100 g; MgSO,. 7H,O, 10 g; KCl, 5 g; NH,Cl, 2 g; NaHCO,, 1 g; citric acid, 0.5 g; yeast extract (Difco), 2 g ; trypticase peptone (BBL), 2 g ; trace metal solution (TMS 3), 2ml (Ingvorsen & Jarrgensen, 1984) ; KH,PO, (50 g l-'), 10 ml; CaC1,.2H,O (20 g 1-l), 10 ml;
4H,O (20 g l-')], 2 ml. Glucose (0.2% w/v) was added as substrate. Dussault (1955) , while the Gram test was performed using 3 % KOH (Finegold & Baron, 1986) . Flagella and endospores were stained according to the methods of Leifsson and Schaeffer-Fulton, respectively (Smibert & Krieg, 1981) . Physiological tests. Growth was determined by measuring either the optical density (OD,,,) or the protein content of the culture according to Bradford (1976) . The effect of salinity (at 30 "C) or temperature on the growth of strain NNT was tested using 0.2% (w/v) lactose as carbon and energy source. The effect of pH on growth was determined at 30 "C using 0. Smibert & Krieg (1981) . Arginine dihydrolase, lysine decarboxylase and ornithine decarboxylase activities were tested by the Falkow method (Skerman, 1967) , adding 2.50% (w/v) NaCl and 0.05% (Smibert & Krieg, 1981) . Nitrite/ nitrate was detected using the Griess-Llosvay reagents (Skerman, 1967 ). Indole production was tested with Ehrlich's reagent (Smibert & Krieg, 198 Respiratory lipoquinones and polar lipids were extracted from 100 mg freeze-dried cell material using the two-stage method described by Tindall (1990a, b) . Respiratory lipoquinones were extracted using methanol/hexane (Tindall, 1990a, b) and the polar lipids were extracted by adjusting the remaining methanol/0-3 YO aqueous NaCl phase (containing the cell debris) to give a chloroform/methanol/O-3 % aqueous NaCl mixture (1 : 2 : 0-8, by vol.). The extraction solvent was stirred overnight and the cell debris pelleted by centrifugation. Polar lipids were recovered into the chloroform phase by adjusting the chloroform/methanol/O-3 % aqueous NaCl mixture to a ratio of 1 : 1 :0.9 (by vol.). Analysis of respiratory lipoquinones. Respiratory lipoquinones were separated into their different classes (menaquinones and ubiquinones) by TLC on silica gel (MachereyNagel) using hexaneltert-butylmethylether (9 : 1, v/v) as solvent. UV-absorbing bands corresponding to menaquinones or ubiquinones were removed from the plate and further analysed by HPLC. This step was carried out on a LDC Analytical HPLC (Thermo Separation Products) fitted with a reverse phase column (Macherey-Nagel, 2 mm x 125 mm, 3 pm, RPIJ using methanol as the eluant. Respiratory lipoquinones were detected at 269 nm. Analysis of polar lipids. Polar lipids were separated by twodimensional silica gel TLC (Macherey-Nagel). The first direction was developed in chloroform/methanol/water (65:25:4, by vol.), and the second in chloroform/ methanol/acetic acid/water (80 : 12 : 15 : 4, by vol.). Total lipid material and specific functional groups were detected using dodecarnolybdophosphoric acid (total lipids), Zinzadze reagent (phosphate), ninhydrin (free amino groups), periodate-Schiff (a-glycols), Dragendorff (quaternary nitrogen) and anisaldehyde-sdphuric acid (glycolipids). Fatty acid analysis. Fatty acids were analysed as methyl ester derivatives prepared from 10 mg dry cell material. Cells were subjected to differential hydrolysis in order to detect esterlinked and non-ester-linked (amide-bound) fatty acids (B. J. Tindall, unpublished) . Fatty acid methyl esters were analysed by GC using a 0-2 pm x 25 m non-polar capillary column and flame ionization detection. The run conditions were: injection and detector port temperature 300 "C, inlet pressure 60 kPa, split ratio 50 : 1, injection volume 1 1. 11, and temperature programme of 130-310 "C at a rate of 4 "C mi+.
Cell wall analysis. The cell wall peptidoglycan was purified as described by Schleifer & Kandler (1972) . The structure of the peptidoglycan was determined by analyses of amino acids and peptides of cell wall hydrolysates using two-dimensional TLC and GC as described by Groth et al. (1996) and by using electrospray mass spectrometry (Schumann & Ihn, 1996) .
165 rDNA sequence analysis and DNA base composition.
Extraction of genomic DNA from strain NNT, PCRmediated amplification and purification of the PCR products were carried out as described previously (Rainey et al., 1996) at the DSMZ, Braunschweig, Germany. Purified PCR products were sequenced with the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems) as directed in the manufacturer's protocol. Sequence reactions were electrophoresed using the Applied Biosystems 373A DNA Sequencer. The global phylogenetic positions of the strains investigated were analysed using the ARB database (Ludwig & Strunk, 1996) . 16s rDNA sequences were compared with the existing 16s rDNA database for members of the group classically defined as the genus Bacillus. A greater degree of resolution among closely related t a m was performed using the ae2 editor (Maidak et al., 1997) . A phylogenetic dendrogram was reconstructed using the treeing algorithm of De Soete (1983), based on similarity values which had been transformed into phylogenetic distance values that compensate for multiple substitutions at any given site in the sequence (Jukes & Cantor, 1969) . The neighbour-joining and maximum-likelihood programs contained in the PHYLIP package (Felsenstein, 1993) were used in the construction of phylogenetic dendrograms (Saitou & Nei, 1987 The G + C content of DNA from strain NNT was determined by HPLC according to Mesbah et al. (1989) and was carried out in the DSMZ, Braunschweig, Germany.
RESULTS

Morphology
Cells of strain NNT were predominantly rod-shaped, 04-0.6 by 2-5 pm in size. However, filamentous forms were present throughout the growth cycle (Fig. 1) . The cells were Gram-positive and motile by means of peritrichous flagella. Ellipsoid endospores were produced terminally, causing swelling of the sporangia. Cell morphology was not affected by the salt concentration of the growth medium. Colonies of strain NNT were circular, creamy white, non-transparent and approx. 2 mm in diameter on GSL-2 agar medium after 5 d growth at 30 "C. They had an entire margin, convex elevation, and a shiny, glistening surface.
Physiological, biochemical and metabolic properties
Strain NNT exhibited extreme halotolerance, being able to grow in Tris-medium containing 0-20 % (w/v) NaCl at 30 "C (Fig. 2) . Duration of the lag phase and generation time increased with increasing NaCl concentrations. Importantly, strain NNT did not require NaCl for growth; the highest cell yields were obtained in salt-free medium, even after six consecutive transfers. Strain NNT grew in the presence of 16% (w/v) NaCl but not in 20 % (w/v) NaCl at 40 "C (data not shown). Growth was observed at temperatures of 6-50 "C, but no growth was observed at 55 "C. Optimal growth temperature was 47 "C with a generation time of 3.0 h in Tris-medium containing 10% (w/v) NaC1. Spores suspended in Tris-medium survived heating at 90 "C, but not at 95 OC, for 5 min. Growth occurred at pH 5-10 with optimal growth close to pH 7.5 with glucuronate as substrate.
The cells were obligately aerobic and showed good growth on a large variety of sugar compounds with concomitant acidification of the medium. Growth was only observed on a few alcohols, carboxylic acids and amines. No growth occurred with amino acids, amides, acetone or cellulose. Yeast extract was required for growth whereas trypticase peptone was not, although it stimulated growth. Strain NNT was resistant to ampicillin (33 mg), gentamicin (40 mg), kanamycin (100 mg), nalidixic acid (1 30 mg), neomycin (1 20 mg) and tetracycline (80 mg). Bacitracin (40 units), carbenicillin (1 15 mg), chloramphenicol(60 mg), erythromycin (78 mg), novobiocin (100 mg), penicillin ( 5 mg) and rifampicin (30 mg) inhibited growth of strain NNT. Susceptibility to the antibiotics was tested at 10% (w/v) NaCl. However, as reported by Merkel (1972) , the susceptibility may vary with salinity due to the effect of salts on antibiotic action. Other characteristics differentiating strain NNT from related species are either shown in Table 1 or included in the species description of Gracilibacillus halotolerans.
DNA base composition and phylogeny
DNA base composition and 16s rDNA sequence analysis were carried out at the DSMZ, Braunschweig, Germany. The G + C content of strain NNT was 38 mol%. Approximately 95 YO of the 16s rDNA sequence was determined and subsequent analysis of the sequence indicated that, based on a global comparison with sequences in the ARB database, strain NNT belonged within the phyletic group classically defined as the genus Bacillus (data not shown). Although, based on further restriction of the sequences used for comparison (data not shown), strain NNT was shown to be associated with 'Bacillus group 1' as defined by Ash et al. (1 99 l), those organisms showing the greatest degree of 16s rDNA sequence similarity (Table 2) were members of the genus Halobacillus and the species M . albus, B. salexigens, B. dipsosauri and V. pan tothen ticus. Among these organisms, the greatest degree of sequence similarity was observed between strain NNT and B. dipsosauri (96% sequence similarity). A rooted phylogenetic tree in Fig. 3 shows the relationship of strain NNT to only those organisms having the greatest degree of sequence similarity which are listed above and in the Methods.
Polar lipids and quinones
Members of the genus Halobacillus and M . albus had a very similar polar lipid pattern which comprised Deutch (1994) and Lawson et al. (1996) . t Data from Garabito et al. (1997) .
$Data from Claus et al. (1983) and Spring et al. (1996) . §Data from Proom & Knight (1950) , Sneath (1986) and Heyndrickx et al. (1998) . (Ventosa et al., 1992) . The lipid pattern from this group of organisms was, however, clearly different from all the other organisms examined. Strain NNT, B. salexigens and B. dipsosauri all contained phosphatidyl glycerol, diphosphatidyl glycerol and two phospholipids of unknown structure as the major polar lipids. Phosphatidyl ethanolamine was not detected (Fig. 4) . In addition to the major phospholipids, a number of minor components were detected in these strains. B. dipsosauri also produced small amounts of two glycolipids. The major polar lipids present in V. pantothenticus were phosphatidyl glycerol, diphosphatidyl glycerol and phospha tidy1 et hanolamine, together with an aminophospholipid and a phospholipid. I/. pantothenticus was the only organism studied which produced large amounts of a glycolipid (Fig. 4) . A number of minor polar lipids were also present.
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M. Wain0 and others Examination of the respiratory lipoquinone content of all strains examined showed that menaquinones were the only respiratory lipoquinones detected, with MK-7 predominating in all strains. Although MK-7 was the major component, it was interesting to note that both V. pantothenticus and strain NNT synthesized 5-1 5 YO MK-8 when grown at higher salinity.
Fatty acids
Due to the distinct nature of the polar lipids detected in members of the genus Halobacillus and M . albus, which separates these organisms from the other organisms investigated (see above), the fatty acid patterns of the former organisms were not examined. Since the strains examined could grow over a wide range of salinities, they were grown on both Bacto Marine Broth and 10% MH (moderate halophile) medium. The major fatty acids present in all strains were iso-and anteiso-fatty acids. Among these fatty acids anteiso-15 : 0 and anteiso-17 : 0 accounted for more than 40% of the fatty acids (see Table 3 ). In B. dipsosauri and B. salexigens iso-15 : 0 accounted for about 20-30 % of the fatty acids. However, a number of differences could be seen in the distribution of the fatty acids present in smaller amounts, i.e. those accounting for less than 10% of the total.
Pe pt idog I yca n type
The cell wall analysis revealed that strain NNT showed the peptidoglycan type A1 y (Schleifer & Kandler, 1972) (directly cross-linked meso-diaminopimelic acid).
DISCUSSION
Examination of the 16s rDNA sequence of strain NNT indicated that the organism was a member of the phyletic group classically defined as the genus Bacillus, a feature consistent with the fact that it was an aerobic, Gram-positive, spore-forming rod. However, such a definition, which verges on a monothetic definition of the taxon, is now widely accepted as being in need of modification. This is particularly appropriate when one considers that members of the genus Staphylococcus, which are neither rod-shaped nor sporeforming, are clearly associated with this phyletic group. While the presence or absence of spores and the cellular morphology of the organism may be a useful indicator, in addition to other parameters, in defining a genus, it is obvious that a wider spectrum of parameters (both genotypic and phenotypic) is needed to provide a polythetic definition of genera in this phyletic assemblage (the classical ' genus Bacillus and its relatives ') which reflects the evolutionary status quo within the group. To approach this problem and to provide additional data of potential taxonomic value, we have adopted a combined and integrated evaluation of the genotypic and phenotypic properties of the organisms studied. In addition to the placement of strain NNT in the phyletic group of the 'genus Bacillus and its relatives', the 16s rDNA indicated that the greatest degree of similarity (above 93 %) was shared between strain NNT, B. salexigens, B. dipsosauri, M . albus, Halobacillus litoralis and Halobacillus halophilus. In view of the fact that Halobacillus halophilus was originally described as Sporosarcina halophila, the taxonomic placement of strain NNT revolves around the questions of whether the creation of the genus Halobacillus is justified and whether strain NNT and its relatives should be placed in the genus Halobacillus.
Chemotaxonomy
On the basis of the 16s rDNA data, chemotaxonomic studies were undertaken on those organisms which showed the greatest degree of 16s rDNA sequence similarity in order to test the hypothesis that they belonged within the same higher taxon. The predominance of MK-7 in all the organisms examined does not contradict their association with 'Bacillus group 1' based on 16s rDNA analysis. However, since MK-7 is relatively widely distributed within the genus Bacillus, as well as in other major phyletic divisions, such as the ' FlavobacteriumCytophaga-Bacteroides group ' and the S-subclass of the Proteobacteria, the presence of in the organisms examined does not further elucidate their taxonomic position.
On the contrary, the polar lipid composition of the organisms examined showed that there were clearly a number of groupings, which correlated well with the 16s rDNA sequence data. The polar lipid composition indicated that Halobacillus litoralis, Halobacillus trueperi, Halobacillus halophilus and M . albus appear to form a monophyletic group. This group is clearly defined by the presence of phosphatidyl glycerol, diphosphatidyl glycerol, and a single glycolipid (see Results), a pattern not found in the other strains examined, suggestive of the fact that these four organisms constitute a distinct higher taxon. Although it would be tempting to transfer M . albus to the genus Halobacillus, we do not feel that sufficient data are currently available to wholly ignore the fact that this species does not produce spores. The polar lipid composition of all the other strains examined was distinct from the phyletic group defined by the genus Halobacillus and allowed a number of quite clear divisions to be made. Strain NNT and B. dipsosauri were the most similar based on the polar lipid patterns, while B. salexigens showed some similarity to these two species, although there were a number of differences (Fig. 4) . The polar lipid pattern of V. pantothenticus was significantly different from all organisms examined, since it was the only species which contained
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The fatty acid patterns of the strains examined were typical of members of the phyletic group of the 'genus Bacillus and relatives ', based on the fact that iso-15 : 0, anteiso-15 : 0 and anteiso-17 : 0 comprised the dominant fatty acids. However, as in the case of the polar lipids, a closer examination of the fatty acid composition indicated that there were differences which may be taken into account for taxonomic purposes. On the basis of the polar lipid data, it is possible to place each of the organisms studied into at least four different groups. (Table 3) . The interpretation of such data is made difficult by the fact that few organisms (i.e. species) in this phyletic group are available for study and those that are available show no more than 96% 16s rDNA sequence similarity. In such cases, the simple explanation that these differences in genotypic and phenotypic data are indicative of different taxonomic rank, is often discarded in favour of more complex evolutionary theory which cannot be easily substantiated. In the present paper, we favour the interpretation of the data in support of several new taxa.
Morphology and physiology
The placement of both strain NNT and B. dipsosauri in a new genus, Gracilibacillus, is also supported by several shared morphological and physiological characters, e.g. the formation of thin rods and filaments, growth in media without NaCl and nitrate reduction (see Table 1 ). However, the two strains also exhibit clear differences. Strain NNT, for instance, cannot grow anaerobically, but produces H,S and urease supporting the genotypic and chemotaxonomic data in the separation of the strains in two distinguishable entities. An interesting physiological character is the extreme halotolerance exhibited by strain NNT, while the other species are either halophilic or moderately halotolerant. Indeed, strain NNT does not even require NaCl for optimal growth. Although there are several halotolerant bacteria which do not require NaCl for growth, among these B. dipsosauri, V . pantothenticus and species of the genus Halomonas (Vreeland et al., 1980; Hebert & Vreeland, 1987; James et al., 1990) , they required at least 1 YO NaCl for optimal growth. Hence, strain NNT is, to our knowledge, the first extremely halotolerant bacterium described, which does not require NaCl for optimal growth.
Taxonomy
On the basis of the genotypic and phenotypic data presented in this paper, it is proposed that strain NNT be placed as the type strain of a new species in a new The original description of the species is given by Lawson et al. (1996) . Additional chemical characters found in this study are as follows. The major polar lipids are phosphatidyl glycerol, diphosphatidyl glycerol and two unknown phospholipids of unknown structure, together with two glycolipids. The major cellular fatty acids are iso-15 : 0, anteiso-15 : 0 and anteiso-17 : 0 and the main menaquinone type is MK-7. Type strain is strain DDIT (= NCFB 3027T = DSM 11 125T).
Description of Salibacillus (Wains, Tindall, Schumann and Ingvorsen) gen. nov.
Salibacillus (Sal.i.ba.cil'lus. L. masc. sal salt; Gr. n. baktron rod; M.L. masc. Salibacillus the salt bacillus/ rod).
The characteristics of the genus are those given by Garabito et al. (1997) Species description is as given above for the genus. Type strain is strain C-20MoT (= ATCC 700290T = DSM 11483T = CCM 4646T).
Additional data of value in delineating the genus
Virgibacillus
The characteristics of the genus are those given by Proom & Knight (1950) for Bacillus pantothenticus and by Heyndrickx et al. (1998) 
